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ABSTRACT 
THE EFFECT OF ISOLATION BY WATERFALLS AND DAMS ON STREAM FISH 
MORPHOLOGY  
By 
Kayla M. Knoll 
Large dams with upstream reservoirs can cause divergent selection in fish morphology; 
however, the effect of isolation from small dams without upstream reservoirs is largely 
unknown. This study investigated the effects of isolation on stream fish body morphology 
and the related effect of isolation time on morphological divergence by comparing fish 
associated with older barriers (waterfalls) to very new barriers (dams). These effects were 
investigated in five species from the southern Lake Superior basin. Geometric 
morphometric techniques were used to quantify differences in fish body shape based on 
species-specific landmarks. Significant intraspecific differences between stream 
populations and between above-barrier and below-barrier populations were found in three 
species. The majority of body shape variation was associated with deeper body depths 
(Salvelinus fontinalis and Rhinichthys atratulus) and position of pre-opercular spine and 
head length (Cottus bairdi). There was greater morphological divergence between Cottus 
bairdi separated by waterfalls than by dams. Nonparametric multiplicative regression 
identified the best environmental predictor for body shape as wetted width (Rhinichthys 
atratulus), stream velocity (Salvelinus fontinalis), or stream population (Cottus bairdi). 
These results suggest that for some species isolation by dams and waterfalls is associated 
with divergent intraspecific morphology. 
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INTRODUCTION 
 
 
 
 
 Stream connectivity refers to the flow of water, organisms, energy and matter 
throughout a watershed system (Poff et al. 1997). The population viability of many 
species of aquatic organisms depends on connectivity which allows free movement 
throughout a stream network (Bunn and Arthington 2002). An increase in urbanization 
and habitat fragmentation has led to a major loss in stream connectivity. With more than 
75,000 dams in the United States, barriers have become one of the most extensive 
modifications of aquatic ecosystems worldwide (Graf 1999). 
 Dams can have pronounced effects on the physical and chemical properties of a 
stream and may alter stream substrate, dissolved oxygen and water temperature (Ligon et 
al. 1995; Pringle et al. 2000; Lessard and Hayes 2003). The most obvious effect that large 
dams have on an ecosystem is the transformation of a river into a lentic habitat. When 
rivers are impounded by a large dam, they are transformed from shallow, fast flowing 
streams to deep bodies of water, habitats to which stream fishes may be poorly adapted 
(Baxter 1977; Franssen 2011). Because large dams are so common, if these man-made 
structures directly impact an organism’s fitness, dams could be a largely unrecognized 
evolutionary driver on aquatic organisms (Haas et al. 2010). 
 Just recently, morphological divergence of fishes has been identified as a 
consequence of large dams (Esguícero and Arcifa 2010; Haas et al. 2010; Franssen 2011; 
AnvariFar et al. 2011; Santos and Araújo 2014). Several studies show that stream 
transformation into reservoir habitats drives body shape divergence of native fish 
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populations with phenotypic variation of fishes matching predicted morphologies known 
to be adaptive in slow-flowing conditions (Langerhans et al. 2003; Blake 2004; Lauder et 
al. 2007). Further, they found that body shape significantly and consistently diverged in 
reservoirs to a more deep-bodied form (larger dorsoventral axis) compared with stream 
habitats. These findings are consistent with hydrodynamic theory which suggests that a 
more fusiform, or stream-lined, body shape allows for reduced drag; lowering energy 
expenditure needed to maintain position in flowing water and a deeper body form allows 
for faster burst speeds and increased maneuverability in lake-like habitats (Videler 1993; 
Vogel 1996; Langerhans et al. 2003). 
 The morphological differences observed in these studies among reservoir and 
river fish populations correspond to traits that can directly impact fitness (Blake 2004; 
Haas et al. 2010). Intraspecific differences in these traits can relate to divergent selection 
associated with differences in habitat. However, it is not completely understood how 
many of these observed morphological differences are driven by phenotypic plasticity 
and how many are driven by selection on heritable traits. Only one of the previously 
mentioned studies (Franssen 2011) investigated the relative contribution of genotypic 
variation and phenotypic plasticity to morphological diversity. Franssen’s results suggest 
that both genotypic variation and phenotypic plasticity contributed almost equally to 
observed morphological variation between river and reservoir populations. While the 
current study does not aim to discover the evolutionary drivers behind phenotypic 
divergences, generally, the three main mechanisms thought to be responsible are; 1) 
genetic differentiation, 2) phenotypic plasticity (both sources can represent adaptive 
responses to divergent selection), and 3) genetic drift of isolated populations. 
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 Large dams isolate fish populations and concurrently cause stream transformation 
into reservoirs, leading to morphological divergence in native fish populations (Haas et 
al. 2010; Franssen 2011; AnvariFar et al. 2011). However, small dams and waterfalls are 
far more common and widespread than large dams. The ratio of large dams to small dams 
in the United States is 1:17.5 (Rosenberg et al. 2000). Small dams often do not create a 
large upstream reservoir and thus would not be expected to create strong divergent 
selection pressures based on changes to stream flow. However, even though small dams 
do not cause a major habitat change, they still have the potential to alter stream width, 
depth and velocity through impoundment. Small dams can also isolate fish populations 
above the dam through a physical barrier to movement, which may lead to reduced gene 
flow. This isolation can result in genetically dissimilar populations due to bottlenecking 
and inbreeding of the resultant populations as well as inducing greater impacts of genetic 
drift due to smaller population size (Slatkin 1987; Garner et al. 2012).  The current study 
investigated the effect of isolation on fish morphology at small dams without upstream 
reservoirs. 
 Another type of stream barrier known to isolate fish populations is waterfalls. 
Michigan’s Upper Peninsula is home to hundreds of waterfalls which were formed 
sometime around the last glaciation around 10,000 years ago (Saarnisto 1974). Like small 
dams, waterfalls do not typically create a large upstream reservoir and often create a 
plunge pool immediately below the waterfall caused by scouring of the stream bed. The 
extent to which isolation leads to divergence in populations is determined by population 
size, breeding structure, and time elapsed since isolation (Kimura and Ohta 1971). In our 
region, fish re-invasions from glacial refugia and proglacial waters occurred in the period 
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following glacial melting when water levels were high, allowing movement into stream 
areas that were in some cases later isolated by geological processes such as rebound 
(Bailey and Smith 1981). This process of reinvasion and then subsquent isolation within 
watersheds most likely occurred in the early post-glacial period and was likely nearly 
concurrent with the timeframe of watershed population establishment following 
glaciation (Lewis and Anderson 1989; Mandrak and Crossman 1992). It is unknown 
whether population founding for small, native species always occurred prior to the 
establishment of current water levels and geological structures. These processes of 
population founding and isolation by waterfalls contrasts with timeframes for the much 
more recent isolation processes of human dam building. Comparing morphological 
differences across these barriers (waterfalls and small dams) allows comparison between 
older barriers (early post-glacial) and newer barriers (<250 years) to investigate the 
effects of isolation time on morphology.  
 Many of the waterfalls and dams chosen for this study likely allow some 
individual fish to pass over the barrier heading downstream during high flow periods. 
While this could allow for some gene flow, the differences in the magnitude of 
morphological variation between populations above and below the barrier may still be 
sufficiently large to be detected.  Due to more fish passing over the barriers heading 
downstream than upstream over the barrier, it is likely that this may lead to downstream-
biased gene flow which can lead to lower genetic diversity within and higher genetic 
differentiation among upstream sections (Kanno et al. 2011). 
 This research focused on investigating the impacts of isolation by barriers on 
native cool-water stream fishes of the Upper Peninsula of Michigan. This fish community 
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is home to many species including brook trout, Salvelinus fontinalis (Salmonidae). Brook 
trout are predatory fish with a diverse diet which includes aquatic and terrestrial insects, 
smaller fish, amphibians, and even small mammals (Allan 1981; Spares et al. 2014). 
Brook trout, along with many other salmonids, are highly mobile within a watershed 
system and can contain both migrant and non-migrant forms within a population 
(Morinville and Rasmussen 2003; Robillard et al. 2011). The cool-water community is 
also associated with many minnow species (Cyprinidae family) such as blacknose dace 
(Rhinichthys atratulus), longnose dace (Rhinichthys cataractae), common shiner (Luxilus 
cornutus), and creek chub (Semotilus atromaculatus). Also part of the cool water 
community are mottled sculpin (Cottus bairdii) and slimy sculpin (Cottus cognatus), both 
benthic species which belong to the family Cottidae. Traditionally, fish biologists 
assumed that non migratory species followed the Restrict Movement Paradigm (Gowan 
et al. 1994) which maintains that adult fishes are sedentary. However, recent findings 
indicate that this simplistic view that all stream fishes are sedentary is incorrect (Skalski 
and Gilliam 2000; Gilliam and Fraser 2001; Mitsuo et al. 2013). Even small, benthic fish 
like mottled sculpin can be fairly mobile within a stream. Breen et al. (2009) found that in 
a Michigan stream, 17% of tagged mottled sculpin moved more than 100m over one year 
with a maximum displacement of 511 m. Researchers also continue to discover that fish 
movement is affected by many factors including species, fish age and size, seasonality, 
and environmental conditions. Exploring the effects of isolation from stream barriers 
across several species may reveal a pattern among the cool-water fish community, 
increasing its applicability to a range of systems, and has the potential to substantially 
increase our understanding of how barriers affect stream ecosystems in general. 
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 The main objectives of this study were to 1) investigate the effects of isolation by 
small dams without an upstream reservoir on the morphology of several fish species, 2) 
investigate the effect of isolation from waterfalls on fish morphology, and 3) explore the 
effect of isolation time on morphological divergence by comparing the effect of young 
barriers (dams) to older barriers (waterfalls). 
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METHODS 
 
 
 
 
 All fish were collected under Michigan Department of Natural Resources (DNR), 
Wisconsin DNR and Pictured Rocks National Parks Service permits and all procedures 
were approved by the Institutional Animal Care and Use Committee at NMU (IACUC 
#224; Appendix A). 
Field sampling 
 Fish were sampled from May to August 2014 from nine waterfalls and five dams 
in the southern Lake Superior Watershed (Table 1). At each site, 100m sections above 
and below the barrier were sampled with a backpack electroshocker (ETS Electrofishing 
Systems; Badger backpack series; 250-300V; rate= 60; duty= 100). Collected fish were 
lightly anesthetized with tricaine methanesulfonate (MS-222; 20mg/L; pH= 7.0), 
identified, and measured for total length and weight. Lateral images of the right side of 
each fish were taken with a digital camera with the exception of Cottus bairdi and Cottus 
cognatus, which were photographed dorsally. All photographs were taken with a Nikon 
D3200 24.2 MP Digital SLR Camera at a focal length of 50mm and > f/8 aperture. Fish 
were released at the capture site upon full recovery from anesthetic.  
 Five fish species, including mottled sculpin (Cottus bairdi), slimy sculpin (Cottus 
cognatus), blacknose dace (Rhinichthys atratulus), longnose dace (Rhinichthys 
cataractae) and brook trout (Salvelinus fontinalis) were used for subsequent analyses 
because there were at least six useable photographs for above and below-barrier 
populations. No fish larger than 200 mm (above the minimum size limit for inland trout 
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and salmon in Michigan) were photographed or used geometric morphometric analysis to 
avoid possible human consumption of MS-222. In addition, I attempted to keep the size 
range of each species used for morphometric analysis relatively small in order to avoid 
dramatic allometric differences associated with life history stages and growth.  Efforts 
were also made to sample fish outside of breeding seasons and, thus, sex was not 
determined. Any fish that appeared gravid were not used for geometric morphometric 
analysis. 
 At each study site, the same 100m stream sections above and below the barrier 
were measured for water velocity (March McBirney Flow-Mate™ Model 2000 Portable 
Flowmeter), wetted width, stream depth and dominant substrate. Average water velocity, 
average wetted width, and average stream depth were calculated based on the 
measurements taken across 6 transects within the study reach. Dominant substrate was 
estimated visually.  
Geometric morphometric analysis 
 For each species, landmark-based geometric morphometrics were used to quantify 
body shapes following the procedure of Haas et al. (2010). Photographs were analyzed 
using the tps software package (http://life.bio.sunysb.edu/morph/). For each species, the 
order of the photographs were randomized to reduce potential biases and the homologous 
anatomical loci (landmarks) were digitized onto each image (Table 2; Figure 2) using 
tpsDig 2 software (Rohlf 2012). Shape variation from digital landmarks was summarized 
into relative warps (synonymous to principal components) with tspRelw. Generalized 
Procrustes Analysis was performed to remove the effects of scale, translation, and 
rotation on shape so that only shape variation remained. Shape components from aligned 
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specimens were used in a principal component analysis (PCA) to calculate relative warp 
scores (Rohlf and Slice 1990; Billman et al. 2014). Thin-plate splines were constructed 
with tpsRelw to visualize shape change in the form of deformation grids (splines). 
Deviations from the consensus, or average body shape, were the source for characterizing 
the direction and magnitude of these differences (Hard et al. 2000).  
Statistical analysis  
 For each species a multivariate analysis of covariance (MANCOVA) was used to 
investigate the barrier effect (effect of isolation on intraspecific morphology between 
above and below-barrier populations). For species found at more than one site (mottled 
sculpin, blacknose dace, longnose dace), the MANCOVA was also used to investigate the 
stream population effect (comparing across multiple streams irrespective of the 
collection site within the stream), and the stream population*barrier interaction effect 
(the effect of sampling site location relative to the barrier across different streams).   
 For each MANCOVA, relative warps (those explaining at least 1% of shape 
variation) served as the dependent variables, stream population and barrier were 
independent variables, and centroid size (the square root of summed squared distances 
from each landmark to the center of each configuration) served as the covariate to control 
for size allometry. SPSS v. 21 was used for all MANCOVA analyses.  
Non-parametric multiplicative regression 
 Only species with a significant barrier effect (mottled sculpin, blacknose dace, 
and brook trout) were used for subsequent analyses of environmental factors. Potential 
environmental effects were investigated with HyperNiche 2.0 software  (McCune and 
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Mefford 2009) which uses nonparametric multiplicative regression (NPMR) to seek 
relationships between a response variable and one or more predictor variables. NPMR 
allowed me to determine which habitat variables, if any, could predict fish body shape for 
a species. The first and second relative warps (RW1, RW2) generated by tpsRelw served 
as the response variables. Habitat predictor variables included stream population 
(categorical variable; stream), age of barrier (categorical variable; young (dam) or old 
(waterfall)), above or below the barrier (categorical variable), stream velocity 
(quantitative variable), stream wetted width (quantitative variable), stream depth 
(quantitative variable).   
 For NPMR analyses, the local mean model with Gaussian weighting functions 
was used to conduct a free search of combinations of predictor variables and tolerances. 
In Hyperniche, tolerance is the standard deviation of the Gaussian weighting function for 
each predictor (Pilliod et al. 2012). To avoid over-fitting, I set the improvement criterion 
at 5%, the data: predictor ratio minimum at 10, and the minimum average neighborhood 
size (N*) at 5%, where N* is the average sum of the weights of other data points that bear 
on the target point (Pilliod et al. 2012). 
 Best models were chosen based on the best cross – validated fit with the lowest 
number of predictor variables after incorporation of a leave-one-out-cross validation (a 
built in NMPR method to avoid over-fitting). Model significance was determined with P, 
which is the result of a 1,000-run Monte Carlo randomization test. This randomization 
procedure tests the null hypotheses that the best fitting model is no better than could be 
obtained by chance alone using the same number of predictor variables in 1,000 free 
search iterations with randomly shuffled data.  
11 
 
RESULTS 
 
 
 
 
Field sampling 
 A total of 18 fish species were collected but only five species (mottled sculpin, 
slimy sculpin, longnose dace, blacknose dace, and brook trout) were used to investigate 
intraspecific differences in morphology between above and below-barrier populations 
(barrier effect) because there were at least six usable photographs for both above and  
below groups (Table 3). Of these five, only three species (mottled sculpin, blacknose 
dace, and brook trout) were used to the stream population effect and stream 
population*barrier interaction effect because there were at least two sites with the 
minimum sample size of six for both above and below groups and there was a significant 
Barrier Effect.  
 On average, the species with the largest total length (of the species used for 
geometric morphometric analysis) was brook trout (130.0 ± 23.0 mm) followed by slimy 
sculpin (97.4 ± 18.9 mm) and longnose dace (68.6 ± 15.3 mm; Table 4). The species with 
the smallest total length was mottled sculpin (64.2 ± 17.5 mm). Brook trout had the 
largest range of lengths (101.0 – 182.0 mm) and blacknose dace had the smallest (40.0 – 
95.0 mm). 
Environmental Characteristics 
 The average wetted width of all seven streams (both above and below-barrier 
sections) used for NPMR analyses was 11.5 ± 4.7m (Table 3). On average, the wetted 
width of streams associated with waterfalls (both above and below-barrier; n = 5; 11.7 ± 
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6.0m) was similar to the wetted width of streams associated with dams (both above and 
below-barrier; n = 2; 11.1 ± 4.4m). The average water velocity for all seven streams was 
0.302 ± 0.196 m/s and ranged from 0.786 m/s (above Agate Falls) to 0.095 m/s (below 
Big Garlic River Dam). The average water velocity above waterfalls (0.383 ± 0.373m/s) 
was greater than above dams (0.122 ± 0.105m/s). The average water depth for all streams 
was 31.9 ± 25.5cm and ranged from 9.9cm (above Au Train Falls) to 102.5cm (below 
lower Salmon Trout Falls). On average, stream sections above dams were deeper (29.7 ± 
13.6cm) than stream sections above waterfalls (20.0 ± 17.0cm). The most commonly 
observed substrate in all streams was cobble and the least commonly observed substrates 
were sand and boulders. The most commonly observed substrate associated with 
waterfalls was cobble and the most commonly observed substrates associated with dams 
were sand and cobble. 
Slimy Sculpin 
 A total of 43 slimy sculpin were collected from one site, Miners Falls; this species 
was not encountered at any other sites. RW1 (23%) and RW2 (19%) combined explained 
42% of slimy sculpin body shape (Table 4). The most important landmarks contributing 
to slimy sculpin morphological variation were 2 (anterior tip of upper lip), 15 (anterior 
point of left eye), and 13 (anterior point of right angular bone). Slimy sculpin shape 
variation was significantly affected by centroid size (F = 6.17, d.f. = 14,27, p = <0.001 ), 
but not by barrier (F = 1.38, d.f. = 14,27, p = 0.228), indicating that there was no 
significant difference between average body shape of slimy sculpin above Miners Falls 
compared to slimy sculpin below Miners Falls (Table 5).  
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Longnose dace 
 A total of 73 longnose dace were collected from two sites (Middle River Dam and 
Brule River Sea Lamprey Barrier). RW1 (30%) and RW2 (17%) combined explained 
47% of longnose dace body shape (Table 4). The most important landmarks contributing 
to longnose dace morphological variation were 7 (anterior-most insertion point of 
pectoral fin) and 5 (posterior point of operculum). Body morphology of longnose dace 
varied significantly by stream population (F = 2.90, d.f. = 13,56, p = 0.003) and centroid 
size (F = 4.19, d.f. = 13,56, p = <0.001), but not by barrier (F = 2.42, d.f. = 13,56, p = 
0.12), or by the interaction between stream population and barrier (F = 2.21, d.f. = 13,56, 
p = 0.21;Table 5). This indicated that longnose dace morphology differed between 
Middle River and Brule River populations, but not between above and below-barrier 
populations for both barriers. 
Brook trout 
 A total of 25 brook trout were collected from one site (Wagner Falls). RW1 
(46%) and RW2 (19%) combined explained 65% of brook trout body shape (Table 4). 
The most important landmarks contributing to brook trout morphological variation were 
7 (origin of pelvic fin), 11 (origin of adipose fin), and 12 (origin of dorsal fin). Body 
morphology of brook trout varied significantly between locations above and below 
Wagner Falls (F = 9.50, d.f. = 10,3, p = 0.045; Table 5) and by centroid size (F = 12.96 
d.f. = 10,3, p = 0 .029 ). Brook trout upstream of Wagner Falls had shallower bodies 
(smaller dorsoventral axis) compared to brook trout downstream of Wagner Falls (Figure 
3). Based on the Hyperniche analysis, RW1 was best predicted by stream velocity (P = 
0.030; Table 6). 
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Blacknose dace 
 A total of 63 blacknose dace were collected from two sites (Middle River Dam 
and Laughing Whitefish Falls). RW1 (31%) and RW2 (13%) combined explained 44% of 
blacknose dace body shape (Table 4). The most important landmarks contributing to 
blacknose dace morphological variation were 12 (origin of dorsal fin), 9 (origin of anal 
fin), and 8 (origin of pelvic fin). Body morphology of blacknose dace varied significantly 
by centroid size (F = 3.15, d.f. = 13,46,  p = 0.002), barrier (F = 6.03, d.f. = 13,46, p = 
<0.001), stream population (F = 5.09, d.f. = 13,46, p = <0.001), and by the interaction of 
stream population and barrier (F = 3.05, d.f. = 13,46, p = 0.003; Table 5). The majority of 
body shape variation in blacknose dace was associated with differences in body depth. 
Blacknose dace downstream of Middle River Dam had the shallowest bodies (smallest 
dorsoventral axis). Body shape was more different between blacknose dace separated by 
Middle River Dam compared to blacknose dace separated by Laughing Whitefish Falls 
(Figure 4). Based on the Hyperniche analysis, RW1 was best predicted by wetted width 
(P < 0.001; Table 6).  
Mottled sculpin 
 A total of 122 mottled sculpin were collected from four sites (Agate Falls, Au 
train Falls, Big Garlic River Dam, and lower Salmon Trout Falls; Table 1). RW1 (35%) 
and RW2 (20%) combined explained 55% of mottled sculpin body shape (Table 4). The 
most important landmarks contributing to mottled sculpin morphological variation were 
11 and 5 (locations of left and right pre-opercular spines). The MANCOVA revealed 
body morphology of mottled sculpin varied significantly by centroid size (F = 4.63, d.f. = 
14,100, p = <0.001), barrier (F = 5.19, d.f. = 14,100, p = <0.001), stream population (F = 
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6.61, d.f. = 42,297, p = <0.001), and by the interaction of stream population and barrier 
(F = 3.19, d.f. = 42,297, p = <0.001; Table 5). The majority of body shape variation 
among mottled sculpin was associated with the position of the pre-opercular spine and 
the length of the head. All mottled sculpin upstream of a waterfall (Agate, Au Train, and 
lower Salmon Trout) had body shapes with the pre-opercular spine shifted posteriorly 
compared to downstream mottled sculpin in the same stream (Figure 5). Body shape was 
more similar between mottled sculpin separated by Big Garlic River Dam compared to 
mottled sculpin separated by any of the three waterfalls (Figure 5). According to the 
NPMR analysis, RW1 was best predicted by stream population (P < 0.001; Table 6). The 
next best predictor was age of barrier (xR2 = 0.048), but this variable did not meet the 5% 
improvement criterion. RW2 was best predicted by stream velocity (P <0.001; Table 6).  
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DISCUSSION 
 
 
 
 
 This study provides evidence that waterfalls and small dams without obvious 
upstream reservoirs can impact stream fish morphology. For three species, I found 
significant morphological differences between above and below-barrier populations. The 
intraspecific differences in phenotype observed were likely driven by isolation effects 
from small dams and waterfalls creating physical barriers to gene flow combined with 
differing environmental conditions. It is unclear whether the observed morphological 
differences were created by genetic differences or phenotypic plasticity, or by a 
combination of both. However, characterizing patterns of morphological differentiation is 
a key step in understanding fish adaptations to fragmented watersheds.  
Stream population effect  
 All three species found in more than one stream (mottled sculpin, blacknose dace, 
longnose dace) had significantly different body shapes among stream populations. These 
results indicate that there are strong population effects on fish morphology which are 
most likely being driven by a combination of geographic isolation and environmental 
differences between stream systems. Increases in geographical isolation between habitats 
have been documented to increase morphological divergence in a variety of fishes and 
are often driven by diminished gene flow (Slatkin 1987; Langerhans et al. 2003; 
Gelmond et al. 2009; Magnan et al. 2014). In addition to geographic isolation, it is likely 
that the observed intraspecific differentiation in morphology among stream populations 
are also being driven by differences in environmental conditions between stream systems. 
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Morphological divergence in fish has been linked to many environmental conditions 
including differences in dissolved oxygen conditions (Chapman et al. 2000; Witte et al. 
2008), water velocity (Langerhans 2008), and predator effects (Langerhans and 
Makowicz 2009). Langerhans et al. (2003) examined the morphological diversification 
between river channel and lagoon habitats for two neotropical species and observed 
morphological patterns which suggested adaptive divergence due to differing 
environmental conditions such as flow and predator presence. Langerhans et al. (2003) 
also found that morphological divergence increased with distance between habitats, 
reflecting a balance between diversification driven by natural selection and 
homogenization driven by gene flow. The results from the current study support that 
geographically separated populations may diverge via genetic drift and from responses to 
different selection regimes in these cold-water stream species.  
Barrier effect 
 Three species (mottled sculpin, blacknose dace, and brook trout) had significantly 
different body shapes between above and below-barrier populations which suggests that 
isolation from stream barriers is associated with differing intraspecific morphology. 
Stream barriers such as dams and waterfalls pose a major obstacle for gene flow 
(Wofford et al. 2005; Deiner et al. 2006; Gagen et al. 2013; Van Doornik et al. 2013; 
Kelson et al. 2014) and have even been shown to reduce genetic diversity within 
upstream populations and increase genetic differentiation between upstream and 
downstream populations (Wofford et al. 2005; Deiner et al. 2006). Using genetic 
analysis, Wofford et al. (2005) discovered that a headwater population of coastal 
cutthroat trout that had only been isolated from the mainstream of the river for 45 years, 
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had roughly 50% fewer alleles than nearby tributaries with mainstream connections. 
Wofford et al. (2005) suggested that, due to genetic and demographic isolation, these 
stream barriers could potentially compromise this population’s long term persistence. The 
results from the current study are consistent with previously documented genetic 
evidence that fish populations separated by stream barriers can exist as small, partially 
independent populations that are highly affected by genetic drift (Wofford et al. 2005; 
Garner et al. 2012). Further, these results support the idea that the relatively inexpensive 
geometric morphometric techniques employed here may be useful in evaluating the 
effects of stream fragmentation on a variety of fishes and fish communities for similar 
patterns. 
 Significant intraspecific differences in body morphology were identified between 
above and below-barrier blacknose dace and brook trout. Differences between above and 
below-barrier populations in these species were most likely driven by divergent selection 
pressures associated with wider, deeper, and more lake-like streams. Further, the majority 
of body shape variation in blacknose dace and brook trout were related to body depth, 
matching patterns seen in river-reservoir systems.  Generally, fish in more lotic 
environments have fusiform body shapes that minimize drag whereas increased body 
depth in lentic waters enables faster burst swimming and maneuverability (Langerhans et 
al. 2003; Haas et al. 2010; Santos and Araújo 2014). The barriers selected for this 
research did not create large upstream reservoirs, however, observed morphologies 
paralleled body shapes from river-reservoir systems. It is not possible from the results of 
this study to determine if the patterns observed in brook trout and blacknose dace body 
depth are genetic adaptations or expressions of phenotypic plasticity within a reaction 
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norm. However, these results do suggest that there may be important habitat changes 
from even small barriers without apparent reservoirs and these small barriers may lead to 
adaptive divergence between isolated populations. 
Nature of morphological divergence 
 The majority of body shape variation among mottled sculpin was associated with 
the position of the pre-opercular spine and the length of the head. Pre-opercular spines in 
cottids are not well studied, but are thought to aid in defense in predator prey interactions 
(Cowan 1969). Stream population was identified as the best predictor of mottled sculpin 
body shape variation. As mottled sculpin are smaller fish and are strongly preyed upon by 
several piscivorous fishes, it’s possible that differences in predation regime among stream 
populations may be a key driver of the observed phenotypic diversification of the pre-
opercular spine. Heterogeneous distribution of predation from piscivorous fish has been 
identified as an important source of divergent morphology and life history in fishes 
(Reznick and Endler 1982; Langerhans and Makowicz 2009). A study by Langerhans and 
Makowicz (2009) examined which factors had the best ability to predict the morphology 
of Gambusia caymanensis and showed that predation had a strong effect on morphology.  
Gambusia caymanensis body shapes matched the same pattern observed in similar 
studies in which species experiencing higher levels of predation from piscivorous fish 
exhibited larger caudal regions and smaller anterior body and head regions (Walker 1997; 
Hendry et al. 2006). These morphological features are believed to maximize thrust and 
stability while minimizing energy losses during different swimming activities 
(Langerhans and Makowicz 2009). 
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 In the current study, even if similar predation-induced patterns of varying body 
depth or caudal region were present in mottled sculpin, they were undetectable due to 
specimen orientation and landmark selection. Because mottled sculpin are dorsoventrally 
flattened, I was unable to reliably photograph them laterally, eliminating the possibility of 
investigating patterns related to body or caudal depth. However, the dorsal method 
allowed me to focus on the dorsal spines, and their bilateral placement, which would not 
have been possible with lateral analysis. This study illustrates how landmark selection 
can alter the interpretation of morphological patterns and can have important impacts on 
findings. 
Isolation time 
 I detected more divergence in morphology between mottled sculpin separated by 
waterfalls than by dams. Waterfalls in the Lake Superior region were formed sometime 
around the last glaciation which ended around 10,000 years ago (Saarnisto 1974). In this 
study, mottled sculpin populations separated by waterfalls have been isolated for much 
longer than mottled sculpin separated by dams, which were built in the last 200 years. 
Waterfalls have been demonstrated to isolate fish populations leading to lower genetic 
diversity compared to below waterfall populations (Carlsson et al. 1999; Taylor et al. 
2003; Wofford et al. 2005; Torterotot et al. 2014). Over time, inbreeding and genetic drift 
can lead to morphological differentiation between isolated populations. In an extreme 
case, Yamamoto et al. (2013) found that a population of white spotted charr isolated 
above a waterfall was characterized by a skeletal deformity due to long-term isolation. 
Because the extent to which genetic drift leads to divergence in populations is effected by 
time elapsed since isolation (Kimura and Ohta 1971), it follows that mottled sculpin 
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which have been isolated for a longer time should be more morphologically distinct. 
However, it is unclear from this study whether the observed phenotypic differences in 
mottled sculpin were adaptive responses to predation differences in local habitats or due 
to divergence via genetic drift. 
 The opposite pattern of isolation time was observed in blacknose dace. Body 
shape was more divergent between blacknose dace separated by a very new barrier, 
Middle River Dam, compared to blacknose dace separated by an older barrier, Laughing 
Whitefish Falls. This is most likely because blacknose dace morphology was being 
primarily driven by differences in wetted width, possibly overshadowing the effects of 
differences in isolation time. Although Middle River Dam does not create an obvious 
upstream reservoir, it is still impounding the river, creating a slightly deeper, wider 
habitat upstream. This habitat change may explain the significantly deeper-bodied 
blacknose dace found upstream compared to downstream. As discussed above, this 
deeper body form would allow for increased fitness in lentic habitats by allowing faster 
burst speeds and maneuverability (Langerhans et al. 2003) and suggest that the observed 
morphological differences in blacknose dace represent an adaptive divergence due to 
either genetic differentiation or phenotypic plasticity.  
 The results from this study demonstrate that both waterfalls and small dams 
without obvious upstream reservoirs can affect stream fish morphology, suggesting that 
even small-scale, human induced habitat change has the potential to shape an organism’s 
phenotype.  Assuming the intraspecific morphological divergence observed in mottled 
sculpin, blacknose dace, and brook trout leads to greater fitness in isolated populations, 
divergent natural selection could lead to local adaption in these habitats (Franssen 2011). 
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Due to the abundance of small scale dams, if these man-made structures directly impact 
fitness, small barriers could be a largely understudied driver of morphological 
diversification on stream fishes worldwide.  
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Table 1. Sample sites with site number, barrier name, stream system, barrier type, year barrier was built (dams) or formed (waterfalls; L.G. = last 
glaciation ~10,000 years ago), approximate river length above and below barrier, and location. All sites are located along the southern Lake Superior 
basin. Site number corresponds with Figure 1.  
Site 
number Barrier name Stream County State 
Barrier 
type 
Year 
built/ 
formed  
River length 
above / below 
barrier (km) Latitude Longitude 
1 Middle River Dam Middle River Douglas WI Dam 1983 33.8 / 7.5 46.6466 -91.8051 
2 
Brule River Sea Lamprey 
Barrier Brule River Douglas WI Dam 1984 49.7 / 8.8 46.6967 -91.6027 
3 Agate Falls Ontonagon River Ontonagon MI Waterfall L.G. 11.4 / 69.0 46.4808 -89.0908 
4 Misery River Dam Misery River Houghton MI Dam 1984 19.8 / 3.1 46.9824 -88.9839 
5 Salmon Trout Lower Falls Salmon Trout River Marquette MI Waterfall L.G. 12.5 / 12.5 46.8144 -87.8054 
6 Big Garlic River Dam Big Garlic River Marquette MI Dam >1900 13.4 / 3.4 46.6927 -87.5689 
7 Reany Falls Dead River Marquette MI Waterfall L.G. 12.0 / 7.8 46.5737 -87.4767 
8 Morgan Falls Carp River Marquette MI Waterfall L.G. 8.3 / 5.9 46.505 -87.438 
9 Froling Falls Chocolay River Marquette MI Waterfall L.G. 13.7 / 33.4 46.3605 -87.3299 
10 Laughing Whitefish Falls 
Laughing Whitefish 
River Alger MI Waterfall L.G. 7.2 / 18.7 46.3839 -87.0683 
11 Au Train Falls Au Train River Alger MI Waterfall L.G. 1.1 / 23.0 46.339 -86.8522 
12 Joel Creek Dam Au Train River Marquette MI Dam 1958 2.8 / 4.7 46.4201 -86.8143 
13 Wagner Falls Anna River Alger MI Waterfall L.G. 2.2 /3.2 46.3885 -86.6478 
14 Miners Falls Miners River Alger MI Waterfall L.G. 13.8 / 4.4 46.4744 -86.5311 
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Landmark # C. bairdi and C. cognatus S. fontinalis R. atratulus R. cataractae 
1 Anterior tip of snout Anterior tip of snout Anterior tip of snout Anterior tip of snout  
2 Anterior tip of upper lip Posterior aspect of 
neurocranium  
Posterior point of pre-
operculum corner  
Anterior tip of lower lip  
3 Anterior point of left angular 
bone 
Posterior point of operculum  Posterior aspect of 
neurocranium  
Posterior point of pre-
operculum corner  
4 Anterior corner of left pre-
operculum  
Ventral point of operculum  Posterior point of operculum  Dorsal point of operculum  
5 Left pre-opercular spine Dorsal insertion point of 
pectoral fin 
Ventral point of operculum Posterior point of operculum  
6 Posterior origin of left pectoral 
fin 
Ventral insertion point of 
pectoral fin  
Anterior-most insertion point 
of pectoral fin 
Ventral point of operculum  
7 Left side of body directly across 
from origin of dorsal fin 
Origin of pelvic fin  Ventral most point of pectoral 
fin insertion  
Anterior-most insertion point 
of pectoral fin 
8 Origin of dorsal fin Origin of anal fin Origin of pelvic fin  Ventral most point of 
pectoral fin insertion 
9 Right side of body directly 
across from origin of dorsal fin  
Anterior attachment of ventral 
membrane from caudal fin  
Origin of anal fin  Origin of pelvic fin  
10 Posterior origin of right pectoral 
fin 
Anterior attachment of dorsal 
membrane from caudal fin  
Anterior attachment of ventral 
membrane from caudal fin  
Origin of anal fin  
11 Right pre-opercular spine Origin of adipose fin  Anterior attachment of dorsal 
membrane from caudal fin 
Anterior attachment of 
ventral membrane from 
caudal fin 
12 Anterior corner of right pre-
operculum  
Origin of dorsal fin  Origin of dorsal fin  Anterior attachment of dorsal 
membrane from caudal fin 
13 Anterior point of right angular 
bone 
Posterior point of eye  Posterior point of eye Origin of dorsal fin  
14 Posterior point of left eye  Anterior point of eye Anterior point of eye  Posterior point of eye  
15 Anterior point of left eye   Anterior point of eye 
16 Posterior point of right eye    
17 Anterior point of right eye        
Table 2. Description of landmarks used to quantify body shapes of C. bairdi, C. cognatus, S. fontinalis, R. atratulus and R. cataractae. Landmark 
images are in Figure 2.  
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Table 3. Capture sites of each species. Numbers represent: total sample size at each site/sample size below-barrier/sample size above-barrier. Five 
species (mottled sculpin, slimy sculpin, longnose dace, blacknose dace, and brook trout) were used to test the Barrier Effect because there were at least 
six usable photographs for both above and below groups (in bold). 
Location Agate 
Falls 
Au 
Train 
Falls 
Brule 
River 
Sea 
Lamprey 
Barrier 
Froling 
Falls 
Big 
Garlic 
River 
Dam 
Joel 
Creek 
Dam 
Laughing 
Whitefish 
Falls 
Middle 
River 
Dam 
Miners 
Falls 
Misery 
River 
Dam 
Morgan 
Falls 
Reany 
Falls 
Salmon 
Trout 
Lower 
Falls 
Wagner 
Falls 
Blacknose 
dace 
1/1/0  1/1/0   4/4/0 37/18/19 26/20/6  5/4/1     
Brook 
stickleback 
    2/2/0  8/8/0        
Brook 
trout 
1/0/1 4/1/3 1/0/1 25/5/20 1/1/0 10/4/6 2/2/0    23/5/18 4/2/2  15/8/7 
Brown 
trout 
 1/1/1  20/20/0        10/3/7   
Burbot        4/4/0       
Central 
mud 
minnow 
     4/4/1         
Common 
shiner 
      3/3/0 4/4/0       
Creek 
chub 
      33/28/5 5/3/2       
Johnny 
darter 
  1/1/0     4/2/2       
Log perch        7/7/0       
Longnose 
dace 
2/2/0  31/24/7     42/31/11  15/15/0 1/1/0  23/23/0  
Mottled 
sculpin 
29/21/8 27/19/8 11/1/10 30/30/0 27/16/11 16/5/11 5/5/0 1/1/0  7/7/0 4/4/0 13/11/2 39/12/27  
Rainbow 
trout 
     6/2/4  2/0/2  2/2/0 4/4/0   8/8/0 
Red 
bellied 
dace 
     13/8/5 5/5/0        
Slimy 
sculpin 
        43/19/24     20/21/0 
Trout 
perch 
  1/1/0            
White 
sucker 
     1/1/0 12/12/0  1/1/0  1/1/0    
Yellow 
bullhead 
    1/1/0                       
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Table 4. Mean total length ± standard deviation, maximum total length, and minimum total length of each species used in geometric morphometric 
analysis. 
Species Mean Length (mm) Maximum Length (mm) Minimum Length (mm) 
Blacknose dace 65.9 ± 9.6 95.0 40.0 
Brook trout 130.0 ± 23.0 182.0 101.0 
Longnose dace 68.6 ± 15.3 115.0 48.0 
Mottled sculpin 64.2 ± 17.5 113.0 40.0 
Slimy sculpin 97.4 ± 18.9 132.0 60.0 
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 Agate Falls Au Train Falls 
Garlic River 
Dam 
Laughing 
Whitefish Falls 
Middle River 
Dam 
Salmon Trout 
lower Falls Wagner Falls 
 d u d u d u d u d u d u d u 
Wetted 
Width (m) 
23.2 ± 
5.3 
14.8 ± 
2.2 
11.5 ± 
5.6 
10.9 ± 
4.5 
17.2 ± 
14.4 
6.6 ± 
1.2 
8.6 ± 
4.1 
10.2 ± 
2.5 
9.9 ± 
2.1 
10.5 ± 
2.2 
15.1 ± 
2.7 
10.4 ± 
2.4 
5.0 ± 
3.1 
7.6 ± 
2.0 
Velocity 
(m/s) 
0.610
± 
0.358 
0.786 
± 
0.533 
0.261 
± 
0.243 
0.143 
± 
0.112 
0.095 
± 
0.080 
0.124 
± 
0.088 
0.234 
± 
0.207 
0.209 
± 
0.188 
0.253 
± 
0.138 
0.142
± 
0.121 
0.211 
± 
0.144 
0.381  
±    
0.190 
0.376 
± 
0.301 
0.398 
± 
0.310 
Depth (cm) 
27.1 ± 
4.7 
39.5 ± 
6.4 
27.7 ± 
23.1 
9.9 ± 
6.8 
61.9 ± 
30.4 
39.3 ± 
20.4 
22.3 ± 
9.4 
14.4 ± 
8.4 
15.4 ± 
4.8 
20.0 ± 
5.3 
102.5 
± 79.9 
45.2 ± 
19.5 
10.2 ± 
7.4 
10.8 
±7.8 
Dominant 
substrate co bd co bd sa sa bo bo co co co bd co/sa bd/bo 
Table 5. Average ± standard deviation wetted width, velocity, and depth as well as dominate substrate of study stream sections (d = downstream of 
barrier; u = upstream of barrier). For dominate substrate co = cobble, bd = bedrock, sa = sand, bo = boulders.  
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Table 6. Percent of body shape variation explained by RW1 and RW2 as well as most important landmarks 
contributing to body shape variation for each species. 
Species RW1  RW2 Landmarks 
Slimy sculpin 23% 19% 2, 15, 13 
Longnose dace 30% 17% 7, 5 
Brook trout 46% 19% 7, 11, 12 
Blacknose dace 31% 13% 12, 9, 8 
Mottled sculpin 35% 20% 11, 5 
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Species Effect d.f. F P 
Slimy sculpin Centroid 14/27 6.168 <0.001 
 Barrier 14/27 1.382 0.228 
     
Longnose dace Centroid 13/56 4.189 <0.001 
 Barrier 13/56 2.415 0.12 
 Stream Population 13/56 2.899 0.003 
 Stream Population*Barrier 13/56 2.206 0.21 
     
Brook trout Centroid 10/3 12.964 0.029 
 Barrier 10/3 9.495 0.045 
     
Blacknose dace Centroid 13/46 3.15 0.002 
 Barrier 13/46 6.032 <0.001 
 Stream Population 13/46 5.09 <0.001 
 Stream Population*Barrier 13/46 3.053 0.003 
     
Mottled sculpin Centroid 14/100 4.63 <0.001 
 Barrier 14/100 5.19 <0.001 
 Stream Population 42/297 6.61 <0.001 
  Stream Population*Barrier 42/297 3.19 <0.001 
 
 
 
 
 
 
 
 
 
 
 
Table 7. Results of MANCOVA which investigated intraspecific body shape differences between above 
and below-barrier populations (barrier effect). Species found at more than one site were tested for a 
stream population effect (comparing across multiple streams irrespective of the collection site within the 
stream), and also the stream population*barrier effect (the effect of sampling site location relative to the 
barrier across different streams).  Bold indicates significance. 
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Table 8. Results from nonparametric multiplicative regression (NPMR) for mottled sculpin, blacknose dace 
and brook trout.  
 
 
 
 
 
 
 
 
 
 
 
 
Species Response Best Predictor Model xR2 Tolerance N* P 
Mottled sculpin RW1 Stream Population 0.557 n/a 30.3 <0.001 
 RW2 Velocity 0.324 0.05 27.5 <0.001 
       
Blacknose dace RW1 Wetted Width 0.446 0.10 17.1 <0.001 
 RW2 Depth + Velocity -0.029 4.74/0.12 36.8 0.442 
       
Brook Trout RW1 Velocity 0.362 0.44 6.9 0.030 
  RW2 Velocity + Wetted Width -0.212 0.09 8.1 0.356 
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Figure 1. Map of study sites along the southern Lake Superior basin. Numbers correspond with table of study sites (Table 1). Triangles represent 
locations of dams and circles represent locations of waterfalls.  
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a) 
b) 
 
 1 cm 
c)  
 
d) 
1 cm 
1 cm 
1 cm 
1 cm 
Figure 2. Landmarks used to quantify body shapes of a) C. bairdi and C. cognatus, b) S. fontinalis, c) R. atratulus, and d) R. cataractae. 
Landmark descriptions are in Table 2.  
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Figure 3. Mean ± standard error of relative warp (RW) scores of Salvelinus fontinalis above (open shapes) and below (closed shapes) Wagner 
Falls in the Anna River, located in the Lake Superior basin. Thin-plate spline transformation grids display the major shape transformation along 
each axis. 
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Figure 4. Mean ± standard error of relative warp (RW) scores of Rhinichthys atratulus above-barrier (open shapes) below-barrier (closed 
shapes) in two streams (circle = Laughing Whitefish Falls; Triangle = Middle River Dam). Thin-plate spline transformation grids display the 
major shape transformation along each axis. 
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Figure 5. Mean ± standard error of relative warp (RW) scores of Cottus bairdi above-barrier (open shapes) and below-barrier (closed shapes) in 
four streams in the Lake Superior basin. Thin-plate spline transformation grids display the major shape transformation along each axis. 
 
Mottled Sculpin (Cottus bairdi) 
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